Abstract: Long-term stable timing transfer over a multi-km fiber network is reported. Output of two independently timing-stabilized fiber links shows only 0.73 femtoseconds RMS total jitter over 35 hours corresponding to 10 -21 relative link stability.
Introduction
Mode-locked lasers generate optical pulse trains with exceptionally low timing jitter in the attosecond regime [1, 2] . Distribution of these inherently stable timing signals is particularly important for advanced large-scale scientific facilities, for instance accelerators and X-ray free-electron lasers (FELs). Next generation FELs, such as LCLS II at SLAC and the European XFEL at DESY, are predicted to deliver ultra-short X-ray pulses in the sub-femtosecond (fs) regime. Unlocking high-temporal-resolution capabilities of these facilities require extremely stable fiber-optic networks synchronizing optical and radio frequency (RF) sources over kilometer (km) distances with sub-fs precision. Over the past decade, we have developed a pulsed-optical timing distribution system that uses the ultralow-noise pulse train from a mode-locked laser as its timing signal [3] . As depicted in Fig. 1(a) , this ultralownoise signal is transferred through a timing-stabilized fiber network to end stations, where efficient and robust synchronization to local sub-systems is realized using balanced optical cross correlators (BOC) [4, 5] . Even though high-precision stabilization of a single link has been demonstrated in [6] , it is essential to evaluate the out-of-loop performance of such a fiber network by performing a heterodyne measurement between two independently stabilized fiber links. Here, we report our recent results on ultra-low jitter timing transfer over a fiber network consisting of two links with a total length of 4.7 km delivering sub-fs precision under normal laboratory conditions over 35 hours of continuous operation.
Experimental Setup
A diagram of the experimental setup is shown in Fig. 1(b) . The master oscillator is a mode-locked laser (Onefive Origami-15), with 216.667 MHz repetition rate, 160 fs pulse width, and 1554 nm center wavelength. The repetition
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978-1-55752-968-8/15/$31.00 ©2015 Optical Society of America rate of the master laser is locked to a RF synthesizer to reduce the timing drift below 10 Hz. The output of the master laser is split into two separate timing links. Timing link 1 consists of a 3.5 km polarization-maintaining (PM) dispersion-compensated (DC) fiber spool, a PM fiber stretcher, and a fiber-coupled motorized delay line with 560 picoseconds (ps) range. Similarly, timing link 2 comprises of a 1.2 km PM DC fiber, a PM fiber stretcher, and a free-space motorized stage with 100 ps range. All free space optics are mounted on a temperature-stabilized invar board, whereas the fiber link spools are placed on opposing sides of the optical table and exposed to environmental fluctuations in the laboratory.
Link power management of the fiber network is critical: high link output power is needed for high signal-tonoise ratio, while low link operating power is needed to avoid fiber nonlinearity-induced timing errors. As a precaution, the links are operated with a maximum of +13 dBm to avoid significant fiber nonlinearities. The input power to fiber links 1 and 2 are set to +8 dBm and +4 dBm, respectively, such that after forward propagation, the link transmission losses result in +0 dBm link power. Custom-built bi-directional PM erbium doped fiber amplifiers (EDFA) are then used in the last section of each timing link to boost the link output power to +13 dBm each. +3 dBm is reflected back by the fiber partial reflector (FPR with 10% back reflection) and reamplified by the EDFA back to +13 dBm. The back-propagated pulses are then combined with new laser pulses from the master oscillator in the BOCs at the beginning of the links. The in-loop BOCs measure the residual propagation delays in the links and generate error voltages. The error signals are applied via proportional-integral controllers to the fiber stretchers and the motorized stages to compensate fast timing jitter and slow drift of the fluctuating link delay. The piezo resonance of the stretchers at 16-18 kHz permits a closed loop bandwidth of about 1 kHz. To evaluate the timing stability of the fiber network, the outputs from the FPRs are combined in the out-of-loop BOC.
Experimental Results and Discussion
Relative timing stability of both links is continuously monitored for 35 hours without interruption. Fig. 2(a) displays the out-of-loop timing drift results below 1 Hz. The remaining drift is only 0.5 fs RMS. The complete jitter spectral density is shown in Fig. 2(b) , and the integrated jitter from 10 μHz up to 1 MHz is only 0.73 fs, corresponding to an overall 5.8x10
-21 link stability. The red curves on Fig. 2 (c) and 2(d) clearly show that the two fiber links are subject to different temperature fluctuations. The compensated timing drifts by the motorized delays for the 3.5 km and 1.2 km fiber links are about 35 ps and 25 ps respectively (blue curves on Fig. 2(c) and 2(d) ), which correspond to over 5x10 4 error suppression when compared with 0.5 fs RMS drift. These results indicate that the demonstrated fiber network would enable sub-fs level timing distribution for X-ray FELs over the full length of the facility, helping to both monitor and control electron bunch creation and X-ray pulse generation, to ultimately push the limits of spatially and temporally resolved imaging of molecular dynamics by coherent X-ray diffractive imaging. 
